I. INTRODUCTION

S
INCE the discovery of superconductivity in [1] , extensive studies on carbon (C) doping have been carried out as C is among the very few dopants that change the lattice parameter considerably, similar to the effect of Al and Mn doping on the Mg site [2] . From a practical point of view, C doping enhances the upper critical field and reduces the anisotropy ratio [3] . However, C doping also degrades the superconducting transition temperature, , to a great extent and has been attributed to lattice contraction [4] or to a decrease of hole density of states because of electron doping [5] . The relative influence on band scattering as a result of C doping has been observed experimentally [6] and can be described by a theoretical model [7] .
The limit of C solubility in as reported in the literature [8] , [9] has a wide range of values. By estimation from the contraction in the -axis, Lee et C in single crystals to be 15% [10] . On the other hand, was estimated to be as high as 0.038 (i.e. 3.8%) in C doped filaments [11] . The solubility limit of C in polycrystalline samples was believed to be enhanced by mechanical alloying leading to [12] . However, high resolution x-ray synchrotron measurements reveal much less C miscibility in with [13] . Avdeev et al. proposed that estimation of the C content should be done by taking into consideration the ratio of -to -axis to get rid of the instrumental errors [8] .
An alternative method of C incorporation into is by using SiC instead of as a reactant. Reaction between Mg and SiC produces and free C [14] . In these samples, the -axis contracts while the -axis remains largely unchanged [14] . It has been reported that no significant changes of unit cell occur in Si doped polycrystalline [15] and Si was not found to be incorporated into the lattice structure of SiC-doped single crystals [9] , so the reduction of the -axis in SiC doped samples can be attributed solely to C doping. The decrease in -axis has also been observed in samples reacted with C-containing compounds [16] , [17] . Recently, Wang et al. reported the use of silicone oil as a source of C and Si for increasing the and of substantially [18] . When C is substituted for B, the presence of Si leads to the formation of which may serve as effective pinning centers. They also found a reduction in -axis with no great change in the -axis.
To date, there has been no systematic study on the effects of Si and C co-addition in modifying the superconducting properties of . It is the aim of this work to optimize the incorporation of C into by comparing the use of SiC or individual (Si+C) during the in situ reaction. This allows the relative influences of Si and C to be assessed. Results on the phase formation, crystal structure and superconducting properties are presented and discussed.
II. EXPERIMENTAL
Polycrystalline samples were prepared by direct in situ reaction. Starting raw materials are magnesium (Tangshan, 99%), amorphous boron (Pfaltz&Bauer, 99%), SiC (Nano-Amor, 15 nm, 99+%), Si (Nano-Amor, 50 nm, 99+%) and C (Nano-Amor, 30 nm, 99+%) powders. Appropriate amounts of magnesium and boron were weighed according to the stoichiometric ratio of 1:2 (Mg:B) and 3, 5 and 10 weight percentages (wt.%) of SiC were added respectively for reaction. For another set of samples, the same wt.%s of individual (Si+C) nano powders were used. Pure samples were also prepared for comparison. The powders were then well mixed and ground thoroughly before pressing into pellets 13 mm in diameter and about 2 mm in thickness. Each pellet was sealed into a stainless steel tube and later loaded into a tube furnace for sintering at 850 for an hour with heating and cooling rates of 10 . Argon gas flow was maintained during the heat treatment. The obtained samples were checked using the X'Pert Pro Panalytical PW3040 MPD X-ray Diffractometer with radiation source in scanning mode with increment step size of 0.02 . Magnetic measurements were carried out using a commercial Magnetic Property Measurement System (Quantum Design MPMS-XL). Magnetic moment versus temperature was measured after zero-field cooling and then by applying a field of 20 Oe before warming the samples to normal state. For hysteresis loop measurements at 5 K and 20 K, the field was applied to the longest dimension of the samples (bar-shape samples with a size of ). was calculated according to the Bean model [19] . Fig. 1 shows the XRD patterns of the pure, SiC and (Si+C) reacted samples. Within the diffraction range of , most of the peaks can be indexed as [1] showing the dominance of this phase. In the pure sample, no unreacted Mg was found but the formation of was detected. As expected, peaks associated with MgO can also be identified. The formation of MgO can be attributed to the partially oxidized magnesium powder and the presence of some small amount of oxygen in the tube furnace or argon gas (99% purity). With increasing amounts of SiC or (Si+C) used for reaction, the relative peak intensity of MgO was found to increase as well.
III. RESULTS AND DISCUSSION
In samples reacted with SiC, the relative peak intensity of MgO is higher indicating the formation of a larger fraction of this phase compared to (Si+C) samples. Apart from this, impurities comprising unreacted SiC and are noticeable. For (Si+C) samples, the relative peak intensity of is greater because the reaction between Mg and Si to form has a greater driving force compared to the reaction between SiC and Mg in samples with additions of SiC. Consequently, this results in severe Mg deficiency leading to the formation of as indicated by peaks at and 71.7 . To analyse the crystal structure, Rietveld Refinement was performed using The PANalytical X'Pert HighScore Plus software. As shown in Fig. 2 , the -axis contracts with SiC addition level and the (Si+C) samples show a greater decrease in -axis than do the SiC samples. This is consistent with the availability of more C for substitution. For samples reacted with SiC, C is only available by reaction between SiC and Mg as shown by the formation of ( Fig. 1 ) [14] . Hence, release of C for substitution on the B site occurs during the simultaneous formation of [14] . An increase in -axis is obvious as shown in Fig. 2 . This has also been observed in C-doped or oxygen doped thin films [20] indicating distortion of crystal structure caused by impurities. However, one should note that the change in lattice parameters by C doping in bulk differs from thin films suggesting that other factors may also affect the unit cell [21] . In order to get an idea about C substitution level, , for was calculated according to previous work on C doped polycrystalline [8] . It is assumed that contraction of -axis is solely caused by C substitution [9] , [15] .
The estimated values are 0.017, 0.022 and 0.034 for 3 wt.%, 5 wt.% and 10 wt.% of SiC addition, respectively. For (Si+C) samples, correspondingly larger values of 0.021, 0.029 and 0.039 were obtained, indicating higher C substitution in these samples.
Plots of normalized magnetic moment in the temperature range 30-38 K are shown in Fig. 3 .
is defined as the point of intersection of the superconducting transition curve and the linear horizontal line of the normal state [5] . It is clear from Fig. 3 that decreases more rapidly in (Si+C) samples. For instance, reaction of 5 wt.% SiC and 3 wt.% (Si+C) decreases the to the same extent (35.8 K). For a 10 wt.% addition, the is 34.2 K and 33.6 K for the SiC and (Si+C) samples, respectively. However, the former shows larger broadening in the transition width possibly caused by local inhomogeneity and degraded crystallinity. The lower resulting from reaction with (Si+C) is likely to be related to a smaller -axis (or higher C substitution) [14] and larger -axis (Fig. 2) pointing to the fact that a more severe perturbation of lattice structure has taken place in these samples. Fig. 4 shows the plots measured at 5 K and 20 K for field up to 7 T. At low temperature (5 K), flux jumps are seen for versus field below 2 T. At 5 K and 20 K, samples reacted with either SiC or (Si+C) show weaker dependence on field than the pure sample. It is clear from Fig. 4 that for additions up to 5 wt.%, samples reacted with SiC show a higher magnitude of for applied fields up to 7 T at 5 K. On the other hand, the of the (Si+C) reacted samples show a more gradual decrease with field owing to higher C substitution increasing the band scattering [6] . The lower of the (Si+C) samples could be partially linked to their lower values (Fig. 3 ) [6] . At 5 K and 3 T, is and for 3 wt.% SiC and (Si+C) samples, respectively. The magnitude of decreases with reaction of higher amount of additives. For samples reacted with 10 wt.% of SiC or (Si+C), the magnitude of value is decreased to almost the same extent but the form of versus field is improved. This is probably due to the competing effects of reduced current carrying cross section because of the larger fraction of secondary phases (Fig. 1) and increased high field owing to enhanced impurity scattering because of higher C substitution. The behavior persists at 20 K but the 10 wt.% (Si+C) sample shows a more rapid degradation in value for applied field higher than 3 T. This is consistent with the previous report that of samples reacted with SiC show the least dependency on applied field as compared to Si or C doping alone [6] , [22] . The enhanced versus field at 20 K for the SiC reacted samples could be due to the pinning contributed by higher density of defects [6] .
IV. SUMMARY
By undertaking in situ reaction of at 850 with different C sources, it was shown that Si and C co-addition leads to a larger contraction of -axis and a larger increase in the -axis of the lattice as compared to the same level of SiC addition. The availability of more C by using separate Si and C enhances C substitution. Also, the individual Si powder reacts with Mg as indicated by the higher relative intensity of the peaks. This leads to Mg deficiency as shown by the x-ray diffraction patterns with peaks that are indexed as . The superconducting transition temperature degrades to a greater extent in these samples. However, reaction with larger amounts of SiC gives rise to a more pronounced broadening in the transition width probably because of sample inhomogeneity and degraded crystallinity. Finally, the samples reacted with SiC show a higher magnitude of for applied fields up to 7 T at 5 K. On the other hand, the (Si+C) reacted samples show a weaker dependency of on field owing to higher C substitution. By adding larger amount of SiC for reaction, the approaches that of the (Si+C) samples. At 20 K, samples reacted with (Si+C) show a more rapid decrease in with field.
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